Abstract: Invasive breast cancer (BC) is the most frequent cancer of young women. Considering the trend toward postponing childbearing until the later reproductive years, the number of childless women at diagnosis of BC will continue to increase. The American Society of Clinical Oncology and the American Society for Reproductive Medicine have recommended that the impact of cancer treatments on fertility should be addressed with all cancer patients of reproductive age and that options for fertility preservation, such as cryopreservation of embryos and oocytes, ovarian tissue, in vitro maturation of immature oocytes, and ovarian suppression with gonadotropin-releasing hormone analogs, should be discussed routinely. To optimally counsel patients on how to best weigh the risks and benefits of fertility preservation, both the health care provider and the patient must know about the options, their risks, and their likelihood of success. The aim of this review is to summarize current knowledge on fertility preservation options for young BC patients, surrogates of ovarian function, psychosocial aspects of infertility after cancer treatment, women's attitudes towards childbearing after cancer treatment, and health care providers' attitudes towards fertility preservation.
Introduction
In 2014, an estimated one in 53 women under the age of 50 years will develop invasive breast cancer (BC). Invasive BC is the most frequent cancer of young women and the leading cause of cancer death in the 20-39-year age group. 1 Women under 40 years comprise about 5% of the overall BC population, 2 and many of them have not completed childbearing at the time of diagnosis of BC. Birth rates for women younger than 40 years have been declining, whereas the rates continue to rise for women aged 40 through 44 years, and have remained unchanged among women aged 45 years and older. 3 Considering the trend toward postponing childbearing until the late reproductive years, the number of childless women at diagnosis of BC will continue to increase. In a recent US survey, 77% of childless women intended to have a child in the future. 4 In another survey, 75% of young cancer survivors without children stated they wanted to have children in the future and almost a third of the survivors who already had at least one child wanted to have another. 5 Mortality rates for BC have steadily decreased in women since the mid 80s of the last century, 6 but treatment for BC will render many affected women under 40 years infertile. Women without children are particularly distressed about their impaired family planning prospects. 7 Therefore, fertility after treatment for BC and preservation of fertility at diagnosis are issues that are currently receiving significant attention.
The American Society of Clinical Oncology and the American Society for Reproductive Medicine have recommended that the impact of cancer treatment on fertility should be discussed with all cancer patients of reproductive age and that options for fertility preservation, such as cryopreservation of embryos, oocytes, and ovarian tissue, in vitro maturation of immature oocytes, and ovarian suppression with gonadotropin-releasing hormone (GnRH) analogs should be discussed routinely. 8, 9 Large cancer centers have followed these recommendations, and today many cancer patients in Europe and the USA have access to reproductive medicine. 10 According to registries of fertility centers performing fertility preservation (FP) consultations and treatments in Europe and the USA, the largest group of young women counseled for cancer therapy-related FP were patients with BC, followed by women diagnosed with lymphoma. 11 In spite of the encouraging results regarding long-term survival, many oncologists remain reluctant to encourage young BC patients in their desire to have children. 12 Fear of recurrence in women with hormone-sensitive cancer remains an important barrier to FP, 10 although pregnancy does not worsen the prognosis of BC survivors. 13 A meta-analysis of several large case series actually showed a decreased risk of dying from BC in women who became pregnant after BC treatment.
14 These data might be biased by the fact that women with a good prognosis are more likely to conceive than those with a poor prognosis (ie, the "healthy mother effect"). 15 On the other hand, pregnancy after BC might have an unknown protective effect. 16 As BC tends to recur within the first 2 years, young BC patients are advised to wait at least 2 years before considering pregnancy. 16 To optimally counsel patients on how to best weigh risks and benefits of FP, both the health care provider and the patient must know about the options and risks of FP and the likelihood of their success. FP is a fast developing field, with many publications contributing to the growing body of evidence, making it challenging to keep up to date. The aim of this review is to summarize current knowledge about the impact of age on fertility, surrogates of ovarian function, psychosocial aspects of infertility after cancer treatment, FP options for young BC patients, women's attitudes towards childbearing after cancer treatment, and health care providers' attitudes towards FP.
Materials and methods
Peer-reviewed journals were searched in PubMed starting in November 2013 using the terms "breast cancer" and "fertility OR childbearing OR assisted reproduction" in all fields and the filters "publication date =5 years" and "species = human". Suitable for inclusion were original articles from peer-reviewed journals and statistical reports published in English. Additional publications cited in the identified papers were retrieved manually. Studies were screened based on title and abstract. The main search was completed by RM. Titles, abstracts, and full text articles were screened by both authors. The selection criteria were aimed at covering the range of issues within the topic of this review.
Age-related decline of fertility in healthy women
The goal of FP is for the woman to be able to give birth to a healthy baby after gonadotoxic therapy. In the course of counseling before FP treatment, the patient should receive information on her options regarding FP, along with the risks and success rates. Unfortunately, there is a lack of knowledge about live birth rates in BC patients after cancer treatment. Information concerning live birth rates after FP therefore falls back on data collected from women undergoing assisted reproduction for infertility. The 1992 Fertility Clinic Success Rate and Certification Act mandates that all US clinics offering assisted reproductive technologies (ART) annually report success rates to the Centers of Disease Control and Prevention, 17 thus providing a rich source of information about the factors that contribute to success, ie, the delivery of a live baby. A woman's ability to conceive ends long before the last menstrual period (menopause). The median age for menopause in most Western countries is between 50 and 52 years. Fecundity starts decreasing gradually at the age of 32 years, rapidly after age 37 years, and dramatically after 40 years of age. 18 The spontaneous conception rate is less than 2% at age 42 years and is just about 0% at 45 years. 19 Likewise, age impacts significantly on the success of ART. Table 1 summarizes the success rates of 151,923 in vitro fertilization (IVF) cycles performed during 2011 in the USA. Live births are less likely to occur in older women and they are at higher risk for miscarriage. 20 There is a widespread misperception among the general public and among non-infertility specialist clinicians that ART can reverse the age-related decline of fertility.
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Surrogates of ovarian function and female fertility Amenorrhea (absence of menstruation) is triggered by the number of oocytes falling below a threshold number and evidently is a clinical surrogate for permanent loss of ovarian function. 22 However, the number of follicles 23, 24 A further advantage of AMH is that it can be measured at any point in the menstrual cycle. 25 However, depending on the type of assay, AMH may not be stable under certain storage or assay conditions. Prolonged storage of samples at room temperature and predilution of serum increases AMH levels in the sample, causing poor reproducibility. 26 Gonadotoxic therapy reduces AMH levels, and women with a lower pretreatment AMH are more likely to develop amenorrhea after chemotherapy for early BC. Thus, measurement of AMH pretreatment may guide clinicians and women in treatment decisions and whether or not to consider FP strategies prior to BC treatment. 27 Amenorrhea and AMH are preferred surrogates in analyzing the effect of gonadotoxic therapy on ovarian reserve. Unfortunately, AMH neither predicts spontaneous conception of a pregnancy 28 nor pregnancy or live birth after IVF, 29 and amenorrhea denotes the permanent loss of ovarian function. However, permanent loss of fertility arises long before amenorrhea, rendering these popular surrogates misleading because they are not helpful in predicting fertility after cancer treatment.
Impact of BC therapy on fertility
The ovary contains a nonproliferating fixed number of oocytes with which a woman is born and that are not replenished. Primordial follicles containing the oocytes develop into primary follicles and then into secondary follicles independently of follicle-stimulating hormone.
Once a follicle reaches the antral stage, the surrounding proliferating granulosa cells require follicle-stimulating hormone for further development. BC treatment affects fertility in a number of ways. Gonadotoxic chemotherapy adversely affects ovarian function depending on age and type of chemotherapy received, 30, 31 but comprehensive understanding of the effects of chemotherapy on the ovary and the follicular pool is less abundant. 32, 33 Alkylating agents are particularly harmful because they can destroy oocytes permanently. All chemotherapeutics are capable of damaging developing follicles, resulting in temporary amenorrhea because their granulosa cells are proliferating. If the primordial follicle pool remains undamaged, menses will return, with the development of new follicles within 3-6 months after the last treatment cycle. Table 2 summarizes the effects of chemotherapeutic agents on the follicular pool of the ovary. 34, 35 Apart from the direct gonadotoxic effects of chemotherapy, endocrine therapy, which is recommended for at least 5 years to reduce the risk of recurrence in women with estrogen receptor-positive BC, 36 indirectly affects fertility as well, because during this time there would be a natural age-related decline of fertility. Even if women are neither treated with chemotherapy nor endocrine therapy, they will be counseled by most oncologists to wait at least 2 years before considering pregnancy, ie, a time interval that will render at least some of the women permanently infertile due to the age-related decline of fertility.
Psychosocial aspects of infertility and FP
BC is the most frequent malignancy in women of reproductive age. In particular, women younger than 35 years are more likely to present with a higher grade, more extensively proliferating, and vessel invading BC, 37 and are more prone to receive chemotherapy to reduce the risk of recurrence. According to several surveys, the majority of young childless 
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Moffat and Güth cancer survivors want to have children in the future. 5, 11, 38, 39 Loss of reproductive potential after cancer treatment severely reduces quality of life in young survivors, and might even be more stressful than the cancer diagnosis itself. However, cancer survivors tend to be more concerned about the health risks in their offspring. 40 In a web-based survey, almost a third of young BC patients stated that loss of fertility impacted their treatment decisions. BC patients with greater concerns about future infertility required a higher reduction of risk of recurrence from chemotherapy. 39 Apart from loss of fertility, young BC patients are also concerned about entering menopause with BC treatment, and tend to overestimate their risk of becoming postmenopausal. 39 Women counseled about their risk of infertility from cancer therapy by both an oncology team and a fertility specialist had significantly less regret about their decision to preserve fertility than those counseled only by an oncology team. Receiving counseling from a fertility specialist and preserving fertility both appear to decrease regret and were associated with improvement in quality of life after cancer treatment. 41 Ideally, young BC patients should be referred to a specialist in the field of FP at the time of their cancer diagnosis and prior to initiation of treatment. 42 Counseling a patient about her options for FP in a timely and supportive manner is challenging and requires adequate knowledge and sufficient communication skills. 43 Web-based or printed decision aids containing information about BC, the effect of cancer treatment on female fertility, options for FP, and their risks seem to reduce decisional conflict and regret about fertility-related treatment options in young BC patients. Women using a decision aid were usually more satisfied with their decision, had improved fertilityrelated knowledge, were more satisfied with the information received, and considered the aid helpful. 44, 45 
Methods for FP in premenopausal BC patients
Ovarian stimulation and cryopreservation of embryos yields the highest live birth rate and is considered the best established option for FP in young BC patients. 34, 46 Alternatively, women who do not have a partner or are not willing to use donor sperm can freeze their oocytes without fertilizing them. 47, 48 Cryopreservation of ovarian tissue, in vitro maturation of immature oocytes, and ovarian suppression with GnRH analogs are still considered experimental. 46, 49, 50 No matter what method of FP is chosen, there is a dramatic lack of data on success rates of FP in patients with BC or other types of cancer. One single study focusing on the long-term outcome of FP and based on a small number of patients (of which more than half were BC patients) reported very low utilization of frozen embryos after FP. 51 BC patients who want to preserve their fertility should be referred by their oncologist to a fertility specialist at diagnosis and preferably before or very shortly after surgery in order to decrease the time delay and increase the number of women who can feasibly undergo FP. 52 On the other hand, institutions offering FP services should be able to provide rapid access to FP counseling by an interdisciplinary medical team consisting of oncologists, reproductive endocrinologists, and reproductive surgeons. 53 Patients facing fertility-threatening treatments might also need additional help from mental health professionals during a difficult decision-making process 43 and from financial counselors for tackling the high costs if medical insurance coverage is lacking. 54 Genetic counseling is recommended for young BC patients carrying the breast cancer susceptility genes BRCA1 or BRCA2 to discuss the potential risks of transmission to their offspring and the possibility of preimplantation genetic diagnosis of BRCA mutations in the embryo before embryo transfer. 55 Apart from firm interdisciplinary collaborations within the medical team, institutions offering FP should be equipped or closely associated with an experienced ART laboratory capable of providing embryo, oocyte, and ovarian tissue cryopreservation. Ideally, the laboratory should be skilled in the vitrification technique for freezing. 56 Lastly, it is important to emphasize that costs and insurance coverage for FP 57, 58 and legislation regulating the storage of embryos and gametes vary considerably around the world. 59 
Cryopreservation of mature oocytes and embryos
Cryopreservation of embryos after emergency IVF requires controlled ovarian stimulation (COS) with gonadotropins and sperm from a partner or a donor, and causes a delay of chemotherapy of at least 2 weeks. 52 Usually, daily subcutaneous injections of follicle-stimulating hormone ± luteinizing hormone are administered, starting during menses in the very early follicular phase, although it is possible to start COS randomly during the cycle, as well as during the luteal phase.
60,61 BC patients will often have time to undergo at least one COS during the interval between surgery and postoperative chemotherapy, 62 provided that they are referred early. 50 Patients desiring FP should be informed that emergency IVF is not advisable when neoadjuvant chemotherapy is preferred by the oncology team. 63 During COS, growth of ovarian follicles is monitored by repeated transvaginal 
97
Fertility preservation in breast cancer patients ultrasound and measurements of estrogen ± progesterone in the blood. Before oocyte retrieval, final oocyte maturation is achieved by injecting either human chorionic gonadotropin (hCG) or a GnRH agonist, provided that the patient is under an antagonist protocol. The introduction of the antagonist protocol, in which premature ovulation is suppressed with a GnRH antagonist, makes it possible to avoid hCG for induction of ovulation by using a GnRH agonist instead of hCG for final oocyte maturation. 64 The GnRH agonist displaces the GnRH antagonist from the luteinizing hormone receptor, thereby causing a release of endogenous gonadotropins (so-called "flare-up"). Many studies have shown that using a GnRH agonist instead of hCG for induction of ovulation prevents ovarian hyperstimulation syndrome. 65 Ovarian hyperstimulation syndrome is the most frequent complication of COS and appears in 3%-8% of IVF cycles. 66 The hallmark of ovarian hyperstimulation syndrome is increased capillary permeability triggered by the release of vasoactive substances secreted by the ovaries under hCG stimulation, resulting in a shift of serum from the intravascular space to the third space (mainly the abdomen). Vascular endothelial growth factor is the principal vasoactive mediator in ovarian hyperstimulation syndrome, and the one most responsible for increased capillary permeability. The consequence of the fluid shift to the third space is hemoconcentration, hypoperfusion, and an increased risk of thromboembolism. 67 Ovarian hyperstimulation syndrome can delay and complicate cancer treatment. BC patients present a particular challenge because of COS-related hyperestrogenemia which might have a negative impact on estrogen-sensitive cancer cells. Administering letrozole or tamoxifen during COS minimizes circulating estrogen levels without compromising the quality of oocytes or embryos, although there are no randomized controlled trials supporting the superiority of adding letrozole or tamoxifen compared with standard COS protocols. 68 Oocytes and embryos can be cryopreserved using either the slow freezing or vitrification technique. In contrast with embryos, unfertilized oocytes are more prone to alterations of the meiotic spindle and damage of DNA integrity during the freezing and thawing process. 69 The introduction of an ultra-fast freezing protocol (vitrification) that was originally developed for storing donated oocytes avoids crystal formation in the cell and considerably improved survival rates of unfertilized oocytes. 70 Mainly because the success rates using oocytes that were stored after slow freezing were poor, 71 cryopreservation of oocytes was considered experimental until 2012. Based on a recent meta-analysis, the live birth rate after oocyte vitrification is comparable with that of fresh embryo transfer. 72 The chances of transferring frozen-thawed embryos resulting in live birth are primarily dependent on the woman's age at the time of egg retrieval (see Table 1 for the 2011 success rates in the USA) and are lower after frozen embryo transfer than after fresh embryo transfer. Live birth rates summarized in Table 1 appear to be higher after frozen embryo transfer than after fresh embryo transfer in older women. This is due to fact that women undergoing frozen embryo transfer were younger at the time of egg retrieval, thus underlining once again the impact of age on the success of ART.
Interpretation of published success rates in the field of ART can be tricky because most of the data are derived from healthy infertile individuals undergoing IVF or oocyte donation using oocytes of young donors. Fertility centers offering FP counseling should therefore inform the patient about the center-specific pregnancy rates. The risk of a weak response to COS seems to be significantly higher in BC patients than in patients with other cancers. The reason for the poorer response in BC patients remains to be elucidated. The use of letrozole during COS and/or a potentially smaller ovarian reserve in BRCA mutation carriers might be the cause of this poor ovarian response. 73 
Cryopreservation of ovarian tissue
Ovarian tissue cryopreservation (OTC) can be an option for BC patients under the age of 37 years who cannot delay urgent treatment for cancer, such as neoadjuvant chemotherapy, and whose general state of health permits surgery. 74 Of note, OTC may add to a further decrease of ovarian reserve and thereby impact on natural fertility after cancer treatment, as shown by multiple studies investigating the effect of conservative ovarian surgery on ovarian reserve. 63, 75 OTC requires laparoscopy or laparotomy for harvesting ovarian cortex containing thousands of primordial follicles and for transplanting the cortical strips after treatment. Orthotopic transplantation is more successful than heterotopic transplantation, and all of the 24 live births reported by May 2013 76 occurred after orthotopic transplantation of ovarian cortical strips to the remaining ovary. To date, heterotopic grafting of ovarian cortex strips has never resulted in a live birth after COS and IVF, and the optimal site of transplantation is still under debate. However, restoration of ovarian function was consistently observed after heterotopic ovarian transplantation, in some cases lasting for 7 years. 77 One spontaneously conceived live birth was reported after heterotopic transplantation, highlighting the need for caution when interpreting the source of pregnancies in recipients of ovarian cortex with intact ovaries. 
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Moffat and Güth OTC is not advisable in carriers of the BRCA mutation, given the increased risk for ovarian cancer. 79 Overall, there are insufficient data on the efficacy, safety, and reproductive outcomes, and OTC remains an experimental FP option that should only be offered to carefully selected patients by centers with the necessary laboratory and surgical expertise. 56, 80 in vitro maturation of immature oocytes
Patients with estrogen-sensitive BC and those with limited time for FP before cancer treatment may be candidates for this technology, since in vitro maturation omits gonadotropin stimulation or uses only a short course of gonadotropins. It may also be used in combination with other FP methods, such as OTC. 81, 82 In vitro maturation was initially created for the treatment of women with polycystic ovarian syndrome. Caution must be exercised in extrapolating the existent data on in vitro maturation for both efficiency and safety to young cancer patients 83, 84 and should be performed by experienced centers after informing the patient that pregnancy rates are significantly lower with in vitro maturation than with conventional IVF protocols. 85 
Ovarian suppression with GnRH analogs
Temporary ovarian suppression using GnRH analogs during adjuvant chemotherapy has been proposed to prevent premature ovarian failure after cytotoxic therapy, but study results are conflicting and the preponderance of evidence indicates that GnRH analogs are ineffective. 49 Therefore, this FP option is considered experimental, even though ovarian suppression with GnRH analogs would be widely available, relatively inexpensive, and not require COS or invasive surgery. Meta-analysis of the currently available data has not demonstrated the efficacy of GnRH treatment; hence, it is only recommended in the setting of clinical trials. Given the absence of clear evidence of harm, GnRH analogs may be considered outside of a clinical trial setting for young BC patients who do not have any other option, provided there is careful discussion of the lack of proven benefit.
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Childbearing after BC
A recent web-based survey revealed that more than half of women with early BC stated that they had desired future pregnancy at the time of diagnosis and 10% actually underwent FP. The majority of the women completing the survey received chemotherapy and most resumed cyclic menses after treatment. However, only a relatively small percentage actually became pregnant. 87 There is a discrepancy between the wish for and actual use of FP. Although counseling is recommended for all women in the reproductive age group and appears to positively affect quality of life for survivors, only a few patients take the opportunity to preserve their fertility and even fewer actually utilize the preserved gametes. The worldwide utilization rates are very low, ranging from 2% to 4%, 88 indicating that other factors, such as course of the disease, parity, and fear of recurrence might account for this discrepancy. 89 Two other population-based controlled studies focusing on cancer survivors diagnosed and treated in Canada during the 1990s and in Norway from 1971 to 1997 found that BC survivors who had a history of childbirth prior to a BC diagnosis had a significant reduction in the rate of childbearing as compared with controls. Considering that childless women at BC diagnosis had rates of childbirth similar to those of controls, decreased fertility after BC treatment itself cannot be the whole explanation. Possibly women delay or avoid pregnancy for fear of recurrence with the estrogen stimulation of pregnancy, and this effect may be more pronounced in women who already have at least one child. 90, 91 Childless survivors have been found to be more likely to desire future children despite concerns for the mother's or infant's health. 5 Interviewed 10 years after their cancer diagnosis, childless women seem to be more distressed about their infertility than women who have at least one biological child or have adopted a child. 7 To date, patients' perceptions of fertility and parenthood after the experience of BC are still poorly investigated and understood.
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Health care providers' knowledge and attitudes regarding FP Generally, response rates to surveys regarding selfevaluation of knowledge and attitudes towards FP are low, which could seriously impair the validity and generalizability of results. 93 Younger (,50 years) and female oncologists, as well as oncologists working in a multidisciplinary center, tend to have a more positive attitude toward FP. 94 From the oncologist's point of view, the patient's age, whether she has a partner or children, time constraints, estrogen receptor expression, availability of cooperating reproductive specialists, knowledge about FP, and anxiety about delay of chemotherapy or recurrence of disease are commonly mentioned barriers to referral for FP counseling. 95 A further reason for avoiding referral to fertility counseling is the oncologist's perception that, if patients did not raise the issue themselves, they were not interested. 12 From the reproductive specialist's point of view, anxiety about treating patients with a hormone-sensitive cancer, fear of recurrence, whether or not the woman has a partner, and insufficient knowledge 
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Fertility preservation in breast cancer patients about BC are the most important barriers to performing FP. 96 From the patient's point of view, receiving information about the impact of cancer treatment on fertility was found to be particularly important for younger and childless women, and they preferred to receive information in an individual consultation. 97 Psychological stress, time pressure, fear of delaying cancer treatment, and costs are the main factors influencing the patient's decision to proceed with FP. 98, 99 Since the early 1990s, the prevalence of FP counseling by oncologists has been steadily growing, with recent studies reporting rates of 60%-70%, 100 and in the past 10 years, the trend towards early referral to fertility specialists for FP has been increasing. 101 Nevertheless, women who are childless, younger, Caucasian, heterosexual, and who have graduated from college seem to have better and more frequent access to FP counseling and FP than women from other socioeconomic backgrounds, according to a survey conducted in the USA.
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Conclusion
The majority of BC patients are treated by chemotherapy and long-lasting endocrine therapy, rendering many infertile due to gonadotoxic and natural age-related effects on ovarian function. The most successful techniques for FP in BC patients are cryopreservation of oocytes and embryos. Success rates are largely dependent on the patient's age at the time of oocyte retrieval. Ovarian suppression with GnRH analogs, in vitro maturation of immature oocytes, and cryopreservation of ovarian tissue are considered experimental and should only be offered within the context of a clinical trial. For various reasons, barriers against FP still are high among BC patients, oncologists, and fertility specialists. Early pretreatment consultation for FP with both the oncology team and a fertility specialist are recommended and require an interdisciplinary medical team, in-depth knowledge, and good communication skills.
